Abstract In this work, we investigated the plasma morphology induced by a Nd:YAG laser with the aim of improving the understanding of the formation and dynamics of the plasma in two cases, with and without a magnetic field. Single laser pulse production of a plasma in the absence and presence of a magnetic field was performed with an aluminum target in air. A fast photography technique was employed to obtain information about the expansion dynamics and confinement of the aluminum plasma in each case. The generation of the laser plasma was allowed to expand at two locations with different magnetic field strengths, which correspond to the strength 0.58 T in the center of two magnetic poles and 0.83 T at a distance of 4 mm from the upper pole (N). The plume showed lateral confinement at longer delays when the target was placed at the center of the two poles. When the target was placed at a distance of 4 mm from the upper pole it was observed that the plume was divided into two lobes at the initial stage and traveled towards the center of the magnetic field with further elapse of time.
Introduction
Understanding of laser-matter interaction has been an important subject for many researchers not only in plasma physics but also in many other related research fields [1−3] . The interaction of a laser with materials is becoming a powerful tool due to its potential capability to vaporize, dissociate, excite or ionize species from materials [4] . When a laser beam with adequately high energy is irradiated onto a solid target surface, ablation of the material leads to plasma formation. Ablation induced by pulsed lasers has received more and more attention and has found applications in laser micromachining, pulsed laser deposition, composition analysis [5] and many other fields. In recent years, the expansion of laser produced plasma with the effects of a magnetic field has been a hot topic due to its various applications, e.g., thin film deposition, nanoparticle synthesis, debris mitigation, improvement of the detection limit in laser induced breakdown spectroscopy, surface modifications, etc [6] . The interaction of an expanding plasma cloud with a magnetic field may trigger some interesting phenomena, such as conversion of plasma kinetic energy, ion acceleration, plasma plume confinement, emission enhancement, plasma instabilities, etc [7] . The evolution of laser induced plasma across a magnetic field helps in the better understanding of the propagation of charged particle beams, bipolar flow linked with young stellar objects, solar wind evolution with planet atmospheres, formation of jets, etc [8] . The use of an external magnetic field helps in controlling the dynamics properties of energetic and transient plasma species, which interprets the beam heating of magnetically confined thermonuclear plasmas [9] . It has been confirmed that laser produced plasma across a magnetic field changes plasma dynamics and consequently causes variation in the velocity, density and temperature of particles, thus the emission of radiation from the plasma also increases. In recent years, several investigations have been reported which used a magnetic field to confine the expansion of laser produced plasmas. Harilal et al. [7] reported that the influence of a magnetic field on laser produced plasma away from the ablated target gives rise to several effects, such as conversion of plasma kinetic energy into thermal energy, plume confinement and excitation of plasma instabilities. Pisarczyk et al. [10] explained the effect of a robust magnetic field (∼ 20 T) on the flowing of a much hotter plasma, which may have potential in the lateral confinement of plasma for soft X-ray laser development, but the details behind this work were not explained clearly. Qindeel et al. [11] reported the behavior of plasma plumes across a varying magnetic field for different materials using charge couple device (CCD) imaging and studied plasma confinement. Neogi and Thereja [12] explained that in the presence of a non-uniform magnetic field the plume broke into two lobes by considering the J × B force exerting on the plume. In spite of these reports, the dynamics and expansion of laser produced plasmas are still not completely understood and a comprehensive study is required to understand the time-resolved photography for varying target locations between the magnetic field poles. The investigations presented in this paper focus on the expansion dynamics both in the absence and presence of a magnetic field at various time delays. Time-resolved fast photography is adopted to observe the behavior of the plasma parameters such as shape, position, expansion velocity, displacement of plume front and temporal evolution of plume expansion with and without a magnetic field.
Experimental set-up
The experimental set-up is presented in Fig. 1 . The aluminum target was ablated by a Q-switched Nd:YAG laser (continuum precision 8000, pulse duration 8 ns) operating at fundamental wavelength (1.06 µm) with a repetition rate of 10 Hz. The laser beam was focused by a quartz lens (f = 100 mm) onto the target surface with a pulse energy of 200 mJ. The diameter of the focused spot on the target was about 1 mm, corresponding to a laser irradiance of ∼2 GW/cm 2 . The target was mounted on an X-Y -Z translational stage which allowed the sample to provide a fresh surface for each laser shot. The target was located at two different positions during the experiment, namely, at a distance of 10 mm from both poles and 4 mm from the upper pole (N). An intensified CCD (ICCD) was employed to capture the plasma morphology with a minimum gate width of 2 ns. The laser was operated in the external trigger mode and synchronized with the ICCD to capture snapshots of the plasma. The plasma was observed perpendicular to the direction of the propagating laser beam. A programmable DG645 was used to control the time between the imaging system and the laser pulse. A 100 mm Nikon lens was used to image the plasma expansion onto the detector surface to form a two-dimensional (2D) image of plume intensity. In order to prevent the emission of intense radiation from entering the camera, neutral density filters were placed in front of the ICCD. Data acquisition and analysis were accomplished with a computer. Fig. 2 depicts the layout of the magnet arrangement. The magnetic field in our study was applied by a combination of two permanent magnets mounted on a steel core, to produce a field of 0.58 T in the middle and 0.83 T at a distance 4 mm from the upper pole. The geometry of each magnet was 50 mm×26 mm×20 mm with a separation distance of 20 mm.
In our study the 2D plume image was taken by positioning the ICCD perpendicular to the plasma expansion direction. Different colors in the ICCD images represent different values of radiation intensity. The areas of high temperature and high particle density in the plumes correspond to higher counts observed in the images. Note that all images were normalized to the maximum intensity in that image and the plume front positions were taken as the positions whose intensities were 10% of the corresponding maximum intensity in that particular image. In each case a gate width of 2 ns was fixed at early times, t < 200 ns, but for delay times greater than 1 µs, a gate width of 10% of the delay time was used. 
Results and discussion
Time-resolved photography of the laser produced plasma in the absence of a magnetic field is shown in Fig. 3 . Each row consists of eight pictures captured at different time delays, ranging from 20 ns to 25 µs as indicated in the images.
As shown in Fig. 3 , in the absence of a magnetic field the plasma morphology was hemispherical with expansion along the target normal direction. But as time elapsed, its structure size grew with time. As the plasma expanded with time, excited particles within the plasma collided with atmospheric particles, the kinetic energy of the plume decreased and its expansion developed into the environment, which increased the heating of the plume, thus larger hot spots were observed in the ICCD images [13] . For the delay times of nearly 10 µs and longer, the forward expansion velocity of the plasma was reduced and the plumes acquired different shapes and were not clearly observed to have a shock front. In the presence of a magnetic field the plume forward expansion rate was greater than that in the case of field-free ablation. It is observed that the plume was not only expanding in the perpendicular direction to the target surface but also had lateral expansion at longer delay times under the influence of a magnetic field. It is seen that the plasma evolved homogenously from hemispherical to almost elliptical shapes after 500 ns with extension in the plasma size. This is because the charged particles with a movement direction perpendicular to the magnetic curve were confined by the magnetic field and those parallel to the magnetic were not confined, as a result, the plasma shape changed from hemispherical to almost elliptical. A significant change of plasma took place across the field (0.58 T) at 15 µs when the plume was radially expanded along the magnetic field poles. Moreover, it is noted that, different from the case without a magnetic field where the plasma continued expanding along the laser propagation direction as shown in Fig. 3 , the plasma, in the case with a magnetic field, clearly expanded downwards at delay time of 18 µs and later, as shown in Fig. 4, i. e., moving towards the S-pole. The plume radial expansion was enhanced since the motion of the charged particles was restrained by the field and forced to rotate around the field lines. The charge particles moved towards the field lines and the Lorentz force pushed the charges to move quickly, as a consequence the plume was found to expand in the radial direction. It is clearly observed that the plasma was confined towards the magnetic field region and impelled from the target surface, which is in agreement with the results of previous experiments [14, 15] . The plume propagation revealed unstable expansion with oscillatory behavior for the plume expanding after 15 µs. The observations of the plume indicated rotation and disturbance of the plasma at large delay times. The geometry of the plume seemed to be irregular and cannot be properly defined. According to magnetohydrodynamics (MHD) theory, electrons and ions cannot freely move in a direction perpendicular to the lines of forces and are affected by the Lorentz force. As the MHD equation describes, magnetic pressure will take effect in the presence of a magnetic field and it is expected that the field begins to influence the flow of plasma which can be estimated by equating the ram pressure arising from the flow of plasma to the magnetic pressure, P B = B 2 /2µ 0 perpendicular to the field lines. Here B is the magnetic field and µ 0 is the vacuum permeability. In the presence of an external field the deceleration of plasma expansion can be described as
where V 1 and V 2 are expansion velocities in the absence and presence of a magnetic field, respectively [16] .
) is the ratio of the kinetic energy of the plasma to the magnetic energy. Eq. (1) shows that the expansion of plasma mainly depends on the parameter β. However, plasma cannot be completely stopped by a magnetic field because of its finite resistivity [17] . Plasma parameter β reveals the ratio of particle pressure to magnetic pressure, which represents the scale of diamagnetic effects. The expansion of the plume will stop when magnetic pressure is balanced by plasma pressure, or β (particle pressure/magnetic pressure) = 1 [18] . In addition to the lateral shape change when the plasma was affected by a magnetic field, the plasma front along the laser propagation direction also showed a difference between the cases with and without a magnetic field. Better insight into plasma expansion and evolution can be acquired by plotting the position of the plume front versus time delay with and without a magnetic field. Fig. 5 shows the plume front expansion evolution from the target surface as a function of delay time with a magnetic field (red circles) and without (black squares). In the early stage with a delay time less than 1 µs, the plume propagation showed similar expansion for both cases. As the delay time increased there was no large difference between the two cases. The difference in plasma expansion can be clearly seen from Fig. 5 for the two cases as time increased further. From the delay time of 1.2 µs onwards, plasma evolution with and without a magnetic field can be identified individually and the expansion dynamics under the influence of the field (0.58 T) led to an enlarged distance from the plume front to the target surface as compared to the field-free case. However, the change in plume dynamics between the two cases became small after a time delay of 5 µs or so. These values represent different expansion geometries for the plasma in the absence and presence of a magnetic field. The maximum plasma expansion from the target surface in the field-free case was about 8.3 mm at time delay of 8 µs. In the case with a field the maximum extension of the plume front amounted to approximately 8.5 mm at ∼4.4 µs.
It is worth noting that the presence of a magnetic field has an obvious influence on the plasma at larger delay times compared to the case without a magnetic field, as shown in Fig. 4 . It is known that the magnetic field may only influence the expansion dynamics of the plasma if the mean free path is larger than the Larmor radius. Now we calculate the Larmor radius and mean free path of the charged particles in the plasma under the present experimental conditions. Al atom mass and diameter are m Al = 4.48 × 10 −26 kg and d = 0.75 × 10 −10 m, respectively. For example, we take the plasma parameters at 1 µs in the presence of a magnetic field of 0.58 T as an example. At the laser intensity of ∼2 GW/cm 2 used in our experiment, the main ion in the plasma should be Al + [5] and at this delay time the plasma expansion velocity is 7 × 10 3 m/s (derived from Fig. 5 ) and the estimated electron density is ∼ 1×10 16 /cm 3 [19] with an electron temperature of ∼ 1 × 10 4 K [20] . The calculated Larmor radius for Al + ions is about 3.3 mm at the delay time of 1 µs, but the mean free path of Al + ions in the plasma is only 5 µm, which is far smaller than the Larmor radius. The calculated results for the Larmor radius and free mean path at a 1 µs delay time indicate that the influence of the magnetic field on the plasma should be weak. This is in agreement with the results shown in Fig. 4 . As the electron density and temperature of the plasma decrease with the delay time for the adiabatic expansion of the plasma plume, the mean free path increases accordingly with delay time. As a result, we examine the influence of the magnetic field only at larger delay times. Fig . 6 shows the case of moving the target to a position 4 mm from the upper pole (N), the position corresponds to a magnetic field strength of 0.83 T. As observed from the images in Fig. 6 , the time evolution of the laser produced aluminum plasma displays a larger difference compared to the field-free case, as shown in Fig. 3 .
As shown in Fig. 6 , the formation of two lobes in the plasma plume can be clearly seen for time delays up to 500 ns. However, one of the lobes diminished with further increase of time and finally became of single lobe structure. The images show almost identical elliptical plasma geometry up to the time delay of 8 µs. Afterward, the turbulant plasma was moving towards the center and continued to develop towards the other pole side. A major difference is observed under the effect of an external field (0.83 T) at the initial stage when the plume split into two lobes in the expansion direction, which is in good agreement with the recently published results of Ajai Kumar et al [6] . During the expansion of plasma in an external magnetic field, the pressure of the plasma increases with time which leads to an increase of the magnetic field resistance and when the magnetic pressure is smaller than plasma pressure, the plasma will, as anticipated, flow into the region occupied by the magnetic field. The confinement of plasma took effect when the plasma pressure and the pressure of the magnetic field were balanced. During confinement the collision frequency of the charged species increased and as a result the cross-field magnetic confined expansion led to high pressure in the region where the plasma was confined [21] . Neogi and Thereja's [12] observations were carried out at a fixed non-uniform magnetic field and their observation of the plume being split into two lobes can be explained by considering the J × B force exerted on the plume. In this paper the facts about plume distribution at the initial stage also provide additional information about its movement towards the center with an increase of the delay time. To describe this distinct observation, the distribution of the plume and its movement towards the center, the study of the MHD model plays a role. The plasma moves in an external magnetic field B and experiences an electromagnetic force per unit charge of V × B, where V represents the velocity of the plasma flow. Due to electromagnetic interaction the induced current density is governed by the generalized Ohm's law which is given by [22] 
where E and B are the electric and magnetic fields, ρ 0 represents the electric conductivity, n e is the electron density and V is the mass flow velocity. For a one-dimensional flow of plasma in the x-direction V = (V x , 0, 0) and for a transverse magnetic field, B = (0, 0, B z ). From the above generalized relation it is concluded that in the absence of conduction currents (j = 0), E y = V x · B z . When the plasma expands across a magnetic field the ions and electrons are separated from each other due to the presence of the Lorentz force until the electric force becomes equal to the magnetic force acting on the charged particles. Due to the conductivity of the plasma the diamagnetic currents inside the plume interact with the magnetic field through the J × B force that accelerates or decelerates the plasma gas in different plume regions. The diamagnetic current inside the plume affects the plume distribution and consequently the decreased kinetic energy is transformed into plasma Ohmic heating. Electron heating may take place due to the gain of energy from the plume kinetic energy since work is done against the J × B force. This force acts to decelerate the outer region of the plasma flow which would result in a back flow of current in the opposite direction, which gives rise to the − J × B force. For a higher value of B, the term J × B increases with a larger z-direction towards the pole, as shown in Fig. 7 , thus the plume expansion is found to move towards the center. Fig. 7 shows the formation of the plume under the influence of a magnetic field, where the direction of the current is indicated both inside and at the outer boundary edge in a cross-sectional area of the plume.
The plume boundary decelerates due to the presence of J × B at the boundary, causing the observed movement of the plume towards the center. Fig.7 A sketch of the plume expansion under a magnetic field. The presence of the force inside the plasma decelerates the plume, but at the outside edge it accelerates the plume; in the cross-sectional area of the plume, the J × B force accelerates the plume boundary, which makes the expanding plume move towards the pole
Conclusions
The plasma morphologies induced by a Nd:YAG laser in the absence and presence of a magnetic field have been studied through fast photography analysis. The fast photography study revealed that the expansion and dynamics of the laser produced plasma showed different levels of enhancement in shape, position, expansion velocity and displacement of plume front in both cases. In the case with a field, when the target was located at the center of the magnetic field or at a distance of 4 mm from the upper pole, the plume expansion showed obvious enhancement in expansion distance compared with the field-free case. A significant change was observed under the effect of a magnetic field (0.58 T) for a delay time of 15 µs and larger where the lateral expansion of the plume was enhanced towards the S-pole. Finally, with a magnetic field strength of 0.83 T, it was found that the plume split into two lobes at the initial stage and when time increased, the plume was found to move towards the center by considering the J × B force exerted on the plume. Plasma expansion under the influence of a magnetic field helps us in the investigation of different kinds of applications such as thin film deposition, the fabrication of microelectronics devices, etc. The study of the dynamics of plasma expansion with ICCD photography is of great help in controlling the plasma parameters.
